Abstract. This study focuses on the effect of foam quality on fill concentration during coil tubing cleanup operation. Thus, to quantify such effect, it is required to develop the numerical model to investigate the well cleaning. ANSYS CFX-14 is used for numerical study of fill transport in the horizontal well. A horizontal well geometry (5.76"×3.5" concentric annulus) was created for fill concentration analysis. Present study is carried out with 70, 80 and 90% quality at four different velocities 3, 4, 5 and 6 ft/sec. The results indicated that the 90% quality foam was good even at low velocity.
Introduction
The removal of fill from production well has been the common application of coil tubing services. The primary reason for fill removal is to restore the productivity of oil/gas well. Removing wellbore fill is one of the most frequently use and yet challenging issue in coil tubing unit for wellbore cleanup. It forms (50%) of coil tubing services [1] . Coil Tubing has two modes of fluid circulation inside wellbore to remove fine particles downhole, namely the forward and reverse circulation mode. In the forward circulation mode, cleaning fluid is pumped through the coil tubing and routed back to the main reservoir via the annulus. In the process, the returning fluid carries with it fines which are captured downhole. It is the common well cleanout method used in coiled tubing. On the other hand, reverse circulation mode involves the pumping of fluid down through casing and the suspension fines are routed back to the main reservoir via the tubing string. Reverse circulation cleanup mode is used for large particles cleanout [2] .
Fill removal is a problematic in high deviated and horizontal wells [3] as shown in the Fig. 1 . In these situations, there is a tendency to fall down the fill particle and formed a solids bed in the lower side of the annulus. The velocity of circulating fluid has a major role in sand removal. To achieve the required fluid circulation velocity for high head in horizontal wellbore, high pumping pressure and high fluid flow rate are required. However, the pump head cannot be continuously sustained at high pressure beyond a certain period due to overheating. High fluid flow rate is another issue which added to additional cost and logistical problem for lifting the solid particles. Present study is forwarded to analyze the fill removal with foam along horizontal well. Foam is generated by mixing in a gas phase with a foaming agent and a base fluid. Water and oil are the most typical kind of base fluids. The foaming agent (0.5 to 1% by volume) is a surfactant. It is used to lower the surface tension between the gas and the base fluid [4] . Figure 1 : Fill removal from horizontal well [5] Rheological properties of foam have a major role in the calculation of the fill removal efficiency. There is a great effort in the past to conclude the rheological properties of foam [6, 7, 8] . They noticed that the properties of foam were dependent upon the foam quality; that is the concentration of the volume fraction of the gas to the total volume fraction. Saintpere et al. [9] reported that the Herschel Bulkley model can be a good indicator of solid transport efficiency. Herzhaft et al. [10] investigated the solid transport of foam experimentally, and noticed that efficiency of particle carrying capacity increases with high foam quality.
Li and Kuru [11] developed a model for cutting transport with foam in horizontal well during drilling operation. They showed a new critical velocity co-relation for foam solid particles flow. They concluded that solid transport efficiency improved with higher foam flow rate. Li and Kuru [12] investigated that critical foam velocity is not influenced by temperature variation between 30 C  and 100 C  . Loureno et al. [13] also verified experimentally that rheology of foam was not disturbed by increasing temperature. Li et al. [4] formulated the effect of temperature and pressure on the velocity, density, and quality of foam in the vertical wellbore. They concluded that in vertical well cleanup operation, the velocity of foam fluid should be according to Eq. 1 and Eq. 2.
where, t V is the terminal velocity, S D is the diameter of sand particle, S  is the density of sand , F  is the density of foam and n is the exponent.
Methodology
In the present study, ANSYS-CFX-14 is used to analyze the fill removal from horizontal wellbore using foam as a cleaning fluid. Bailey et al. [14] also used this method to investigate the pressure gradient of non Newtonian slurry composed of gel and sand at reel to injector section of coiled tubing. Similar approach has been used by Bilgesu et al. [15] to investigate the cutting transport efficiencies in vertical well. In this numerical study, the flow is assumed to be in pseudosteady state condition. Analysis is performed by keeping coiled tubing fully concentric in the annulus. Outer wall of coil tubing and inner wall of casing are assumed to be smooth i.e. there is no friction. It is assumed that, fill shape is spherical having diameter of 3 mm. Herschel-Bulkely model is assumed for the viscosity calculation of water based foam. Following is the rheological relation of foam
where,  is the shear stress, 0  is the yield stress, K is the consistency index,  is the shear rate and n is the power index for non-Newtonian fluid.
Herschel-Bulkely viscosity model parameters for water base foam was analyzed by Miska et al. [16] as shown in Table 1 ., and their values are assumed valid in the present study. 40 Manufacturing Engineering Figure 2 shows the schematic diagram of the horizontal well model. The annular section of wellbore is taken as 73 ft long with casing inner diameter of 5.76" and inner pipe diameter of 3.5". Analysis is carried out in the annular section of the horizontal wellbore with foam quality of 70, 80 and 90 %. The foam velocities applied at annulus inlet are varied from 3-6 ft/sec. Atmospheric pressure is assumed at outlet. Penetration rate of pipe inside the fill is taken 60 ft/hr. Injection rate of fill particles are calculated using the following equation
Where, Q is the injection rate of fill,  is the density of fill, V is the initial velocity of fill which is a assumed as a reaction of fill particles when coiled tubing penetrates down into fill surface and A is the area of annulus. The CFX Lagrangian particle transport multiphase module that can model the distribution of solid particles in a continuous fluid phase was used for the analysis. The Lagrangian model tracked a few individual solid particles through the continuous fluid starting at the area of injection until the particles were out of the area of interest. The particle tracking was performed by creating a set of regular equations in time for individual particles. These equations were then integrated by making use of a simple integration scheme for calculating the behavior of the particles as they moved through the flow area.
The displacement of the particle is calculated using forward Euler integration of each particle velocity over time step as given below
where, x is the particle displacement, n is the new position of sand particle, o is the old position of particle, P V is the particle velocity and t  is the time step. The particle velocity is defined as (6) where, f v is the foam velocity,  is the shear stress and all F is the sum of all forces. The general form of momentum equation to describe a particle motion in a liquid flow are as follow;
where, p m is the mass of the solid particle, dt dUp / is the particle velocity and FD is the drag force acting on the particle, FB is the buoyancy force, FR is the force due to tube rotation, FP is the pressure gradient force.
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Verification
Chen et al. [17] performed experiments to study drilling cutting transport in the horizontal annulus at different foam velocities with three foam qualities. Their experimental model is used as the validation example for fill removal with foam. Fig. 3 presents the effects of different velocities of 70% quality foam on fill removal along horizontal wellbore. Present study shows that fill particles removal rate is approximately matching with experimental data. It can be analyzed that there is almost same concentration of solid particles in both studies. Shown in Fig. 4 is the fill removal rate with 80% foam quality. In the present study, removal of solid particle is according to experimental data at lower velocities e.g. 3 and 4 ft/sec. It can be analyzed from present study that as velocity is increasing, fill concentration is decreasing because concentration of particles is inversely proportional to the velocity of the cleaning fluid. However, the experimental data from Chen et al. (2007) showed that fill concentration is increasing for foam velocity higher than 5 ft/s. This non-monotic increase in the particles concentration may due to problem in data acquisition device because solid concentration must decrease with increase in velocity. Figure 5 shows the effect of different velocities on the fill concentration for the foam of 90% quality. In the present study, fill removal rate is following the trend of the experimental data. 
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Results and Discussion
Fill distribution along the horizontal annulus: As shown in Fig. 6 , fill concentration was plotted along the longitudinal direction of annulus for foam velocities ranging from 3-6 ft/sec for the 70% foam quality. Fill removal rate was found inversely proportional to the foam velocity. At 6 ft/sec the fill removal rate is high, because there is a less fill concentration with respect to other foam velocities. Figure 7 shows that the fill concentration is higher at 3 ft/sec. It can be seen that fill concentration reduces as the foam velocity increases up to 6 ft/sec. There is a 8% concentration of fill particles along the annulus at 6 ft/sec. Fill concentration along the horizontal annulus for the 90% foam quality is shown in Fig. 8 . It can be analyses that the 90% foam quality had a higher fill removal even at lower velocities of foam. Highest cleaning efficiency is observed at velocity around 6ft/sec. 
Conclusion
It can be observed that foam has the higher efficiency of solid particles transport because its structure does not allow the fallback of solids, even under low circulation velocities. Fill removal has a better performance with foam of 90% quality. High fill concentration was observed using lower quality of foam. High foam velocity is required to clean the well with lower quality of foam.
